Plasmids play a key role in bacterial evolution by providing bacteria with new and important functions, such as antibiotic resistance. New research shows how bacterial regulatory evolution can stabilize bacteriaplasmid associations and catalyze evolutionary innovation.
Plasmids are autonomously replicating, mobile genetic elements that exist as small, circular DNA molecules within bacterial cells [1] . Plasmids are widely distributed across bacteria, and it is common for clones from many families of bacteria to carry multiple different plasmids within the same cell [2] . Plasmid genomes consist of 'core' genes that are purely involved in plasmid transmission and replication, and 'accessory' genes that can increase bacterial fitness under some ecological conditions [3] . For example, many plasmids carry antibiotic-resistance and heavy-metal-resistance genes that increase bacterial survival and competitive fitness in the presence of these toxins. Unlike bacterial chromosomal DNA, which is only vertically transmitted from mother cell to daughter cells, plasmid DNA can also be transmitted horizontally between even distantly related bacteria. Plasmids therefore provide bacteria with potential access to a vast reservoir of genes, and horizontal gene transfer mediated by plasmids acts as a very important source of evolutionary innovation in bacteria [4, 5] . For example, antibiotic resistance in many pathogenic bacteria has evolved by the acquisition of plasmids carrying antibiotic-resistance genes derived from distantly related environmental bacteria, including many bacteria that actually produce antibiotics [6] . Although plasmids carry genes that can potentially benefit their bacterial hosts, it remains challenging to understand how plasmids can persist in bacterial populations over the long term -an evolutionary dilemma that has been called the 'plasmid paradox' [7] . First, plasmids impose a fitness cost on their bacterial hosts that generates selection against plasmid carriage under conditions in which plasmid genes do not provide any benefit to the host [8,9]. In this scenario, selection acting on the bacteria favours the loss of Dispatches plasmids simply because they are parasites that reduce bacterial fitness. The great irony of the plasmid paradox is that exposure to conditions that select for plasmid-carried genes can also ultimately lead to plasmid loss. Ecologically important genes on plasmids are often found in mobile genetic elements, such as transposons, that can move from plasmids onto chromosomes. The movement of beneficial genes from plasmids onto bacterial chromosomes therefore has the potential to render plasmids redundant and expose their fitness costs, resulting in selection against plasmid carriage. In this scenario, plasmids initially act as symbionts that increase bacterial fitness, but movement of beneficial genes onto the bacterial chromosome transforms plasmids from symbionts to parasites. Recurrent horizontal gene transfer of plasmids between bacteria could theoretically resolve the plasmid paradox and allow plasmids to stably persist in bacterial populations [10] . However, the general consensus is that rates of plasmid transfer are simply too low for horizontal transfer to maintain plasmids in the absence of selection for plasmid-carried genes [11] . For example, whole-genome sequencing has shown that only about 50% of plasmids are capable of transmitting themselves horizontally via conjugation [12] ; the remaining 50% must rely on alternative mechanisms, such as phage-mediated transduction, and uptake of free plasmid DNA by naturally competent bacteria, both of which are thought to be inefficient mechanisms for plasmid transfer.
A key question in microbial evolution and ecology has therefore been to understand how plasmids persist in bacterial populations over evolutionary timescales. In a recent paper in Current Biology, Harrison and colleagues [13] address this problem by using experimental evolution to study interactions between the bacterium Pseudomonas fluorescens SBW25 and pQBR103, a large plasmid that carries a mercury-resistance transposon. In experimental evolution, bacterial populations are serially passaged in laboratory culture media that impose distinct selective pressures. The large population size and short generation time of bacteria allows for rapid evolutionary responses to these manipulations, and the great advantage of this method is that it allows evolutionary outcomes to be observed in real time [14, 15] . Previous studies that have examined evolution in bacteria-plasmid associations have tended to focus exclusively on studying evolution under conditions in which plasmids carry a cost. This study is novel in that it captures the dual role that plasmids play as both symbionts and parasites by studying evolution under high and low doses of mercury, respectively. The plasmid was maintained in the presence of mercury, where pQBR103 was initially a beneficial symbiont, as expected. Crucially, the plasmid was also maintained in populations that evolved in the absence of mercury, where pQBR103 initially acted as a costly parasite.
To understand the evolutionary mechanisms underpinning plasmid maintenance, the authors used whole-genome sequencing on a large number of clones that evolved under conditions in which the plasmid was initially either symbiotic or parasitic. The authors repeatedly observed The acquisition of plasmid pQBR103 imposes a large biosynthetic burden on the bacterium P. fluorescens. Bacterial populations adapt to this burden via compensatory mutations in the GacAGacS regulatory system that reduce plasmid gene expression. Compensatory adaptation therefore stabilizes the association between P. fluorescens and pQBR103, in both the presence and absence of mercury, by increasing the fitness of plasmid-bearing clones.
evolution in a relatively small number of 'target' genes across the bacterial chromosome, especially the GacA-GacS regulatory system. Such parallel molecular evolution is a tell-tale sign of positive selection for beneficial mutations in these target genes, implying that common evolutionary paths are followed to stabilize plasmids in bacterial populations across the parasite-to-symbiont continuum of bacteria-plasmid interactions. One simple explanation for parallel evolution in the GacA-GacS system is that mutations in these genes stabilized pQB103 by compensating for its costs. Consistent with this idea, the authors were able to show that knock-out mutations in gacA and gacS were sufficient to eliminate the cost of pQBR103 carriage.
To uncover the functional basis of compensatory evolution, the authors used microarrays to measure changes in gene expression during plasmid domestication. The acquisition of pQBR103 altered the expression of approximately 16% of bacterial chromosomal genes; in particular, the expression of genes involved in protein synthesis was massively upregulated. The expression of both plasmid genes and chromosomal biosynthetic genes was reduced in evolved clones, strongly suggesting that the cost of pQBR103 carriage stems from a huge additional biosynthetic burden associated with the expression of plasmid genes. Mutations in the GacA-GacS system clearly eliminate this burden under the conditions of this experiment. However, we speculate that this is likely to be a more complex problem in nature, because upper-level regulatory systems, like GacA-GacS, often have pleiotropic roles, and loss of these systems may carry costs in nature that are not evident in lab experiments.
In summary, this study shows that plasmids can be stably maintained in bacterial populations in both the presence and absence of selection for plasmidcarried genes (Figure 1 ). This is an important finding because it suggests that the conditions for the maintenance of plasmids in bacterial populations may be less restrictive than the plasmid paradox would suggest. This study also raises some interesting observations that question some of the logic underlying the plasmid paradox. For example, the authors repeatedly observed that the mercury transposon moved to the bacterial chromosome in populations that evolved in the presence of mercury, and this was accompanied by plasmid loss. However, clones carrying chromosomal mercuryresistance genes were not able to successfully invade into bacterial populations. One possible explanation for this result is that movement of the transposon onto the chromosome was a rare event and, by chance, the transposon tended to move into chromosomal backgrounds with low fitness. Alternatively, it is possible that this evolutionary path was not followed because chromosomal mercuryresistance transposons tend to carry a greater fitness cost than plasmid-borne copies. If this is the case, then it is possible that plasmids are so ubiquitous because it is advantageous to have copies of some genes on plasmids. An important goal for future work will be to understand the constraints on chromosomal gene acquisition from plasmids and the advantages associated with the plasmid location of genes.
Fitness costs associated with plasmid carriage are the most important obstacle to plasmid maintenance in bacterial populations. Although a large number of studies have measured the cost of plasmid acquisition [7] [8] [9] , the molecular mechanisms underpinning this cost have remained largely obscure. This study provides clear evidence that the cost of plasmid maintenance is ameliorated by the reduction of plasmid gene expression, which is in good agreement with a second recently published study [16] . This is important, because it suggests that the cost of plasmid carriage is produced by the burden associated with plasmid gene expression and/or by the negative interactions between plasmid-encoded proteins and the bacterial host [8] . Understanding the chromosomal mechanisms that contribute to modulating plasmid gene expression is therefore a key area for future work aimed at understanding the molecular biology of bacteria-plasmid associations.
Plasmids play a key role in the evolution and ecology of bacteria, but our understanding of the fundamental processes that allow plasmids to persist over the long term remains incomplete. Recent empirical work has made progress towards resolving this problem by simultaneously studying the ecology and molecular biology of bacteriaplasmid associations in the presence and absence of selection for plasmidencoded traits [13, 16, 17] . Hopefully future studies will translate the conceptual advances being made by these studies to understanding bacteria-plasmid associations in environmental and clinical settings. 
